Chromatin reorganization plays an important role in DNA repair, apoptosis, and cell cycle checkpoints. Among proteins involved in chromatin reorganization, TIP60 histone acetyltransferase has been shown to play a role in DNA repair and apoptosis. However, how TIP60 regulates chromatin reorganization in the response of human cells to DNA damage is largely unknown. Here, we show that ionizing irradiation induces TIP60 acetylation of histone H2AX, a variant form of H2A known to be phosphorylated following DNA damage. Furthermore, TIP60 regulates the ubiquitination of H2AX via the ubiquitin-conjugating enzyme UBC13, which is induced by DNA damage. This ubiquitination of H2AX requires its prior acetylation. We also demonstrate that acetylation-dependent ubiquitination by the TIP60-UBC13 complex leads to the release of H2AX from damaged chromatin. We conclude that the sequential acetylation and ubiquitination of H2AX by TIP60-UBC13 promote enhanced histone dynamics, which in turn stimulate a DNA damage response.
Chromatin reorganization by histone modification and mobilization plays a crucial role in DNA metabolism, including replication, transcription, and repair. It appears that histone modification and mobilization can reorganize chromatin to allow DNA repair machinery to access damaged chromosomal DNA (11, 29, 52, 56, 57) .
H2AX is a histone variant that differs from H2A at various amino acid residues along the entire protein and in its Cterminal extensions. H2AX is phosphorylated after the induction of DNA double-strand breaks (DSBs), and the phosphorylated H2AX (␥-H2AX) participates in focus formation at sites of DNA damage. After induction of DSBs, the MRN complex (MRE11, RAD50, and NBS1) binds to broken DNA ends and recruits active ATM, ATR, and/or DNA protein kinase, resulting in the initial phosphorylation of H2AX (32, 38, 40) . MDC1 then associates with ␥-H2AX and recruits additional activated ATM to the sites of DSBs (23, 46) . This positive feedback loop leads to the expansion of the ␥-H2AX region surrounding DSBs and provides docking sites for many DNA damage and repair proteins, including the MRN complex, 53BP1, and BRCA1 (5, 6, 46) . ␥-H2AX plays a role in the accumulation but not in the initial recruitment of repair factors such as the MRN complex, 53BP1, and BRCA1 (10, 63) . Therefore, modifications of H2AX other than phosphorylation could play a role in the initial step of the DNA damage response.
Until recently, the biological significance of ubiquitination in the DNA damage response has been unclear. H2B ubiquitination regulates the damage checkpoint response (15) . H2A is ubiquitinated during the response to UV-induced DNA damage (8) . UV-induced DNA damage also causes the ubiquitination of histones H3 and H4, resulting in their release from chromatin (60) . Interestingly, ubiquitin-conjugated proteins appear to be accumulated at sites of DSBs, forming nuclear foci like ␥-H2AX (34) . These findings raise the possibility that histone ubiquitination is also involved in the reorganization of chromatin in response to DSBs. To date, how the ubiquitination of histones is organized in the DNA damage response remains unknown.
We and other groups have shown that the histone acetyltransferase (HAT) TIP60/Esa1 participates in the DNA damage response as a protein complex (9, 13, 16, 30, 54, 55) . For example, TIP60 induces histone H4 acetylation and the accumulation of repair molecules, including RAD51, at sites of DSBs with TRRAP in human cells (30) . In Saccharomyces cerevisiae, the NuA4 complex, including Esa1, a yeast homologue of human TIP60, binds histone H4 through Arp4 to mediate the DSB-induced acetylation of H4 (9) . However, it is not yet known how histone acetylation by the TIP60 complex regulates chromatin organization immediately after the induction of DSBs in the human DNA repair response.
In addition to histone modifications, histone eviction/release and histone variant exchange can facilitate DNA repair by recruiting signaling and repair factors (12, 25, 57) . The exchange of core histones for a specific variant within nucleosomes can also alter chromatin structure in a temporally controlled manner (1, 3, 19, 22, 26, 28, 42, 49, 62) . For example, Drosophila melanogaster DmTIP60 has been shown to acetylate phospho-H2A.v in vitro, resulting in its removal from chromatin due to exchange with an unmodified H2A.v (22) . In budding yeast, H2A (or phospho-H2A) is replaced with the H2A variant Htz1 by the histone exchange complex SWR1 (28) . The INO80 complex provokes chromatin reorganization following DNA damage; this reorganization includes the release of histones H2B and H3 at sites around DSBs, leading to the recruitment of RAD51 (29, 53) . Furthermore, the histone variant H3.1 appears to be deposited at sites of UV damage by the chromatin assembly factor CAF-1 (36) . Although these studies indicate that histone eviction and variant exchange are important mechanisms for altering chromatin structure during the DNA damage response (35, 57) , it is not clear how histone modifications engage in these chromatin reorganizations immediately following the induction of DSBs during DNA repair in human cells.
Here, we show that the TIP60 HAT complex interacts with H2AX immediately after exposure to ionizing irradiation (IR). Furthermore, DSBs facilitate the association of TIP60 with the ubiquitin-conjugating enzyme UBC13 (2) . The TIP60-UBC13 complex regulates the acetylation and ubiquitination of H2AX following the formation of DSBs. The DSB-induced acetylation of H2AX lysine 5 (K5) is required for this ubiquitination and occurs independently of the phosphorylation of H2AX. We also show that damage-induced acetylation and ubiquitination provoke the release of H2AX from chromatin immediately after the induction of DSBs. Because TIP60-UBC13 is required for the DSB-induced ubiquitination and release of H2AX, these findings provide the first evidence that human TIP60 promotes the acetylation-dependent ubiquitination of H2AX by UBC13, causing H2AX release from chromatin, which facilitates chromatin reorganization following DNA damage.
MATERIALS AND METHODS
Cell culture. HeLa cells (16) (kind gift from Y. Nakatani, Dana-Faber Cancer Institute) and GM02063 (51), a simian virus 40-transformed human fibroblast cell line, were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum.
Reagents and antibodies. Anti-FLAG and antihemagglutinin (anti-HA) antibody-conjugated agaroses (Sigma) were used for the purification of FLAG-HAtagged proteins. Immunoblotting analyses were performed with anti-TIP60 (Upstate), anti-acetylated H2A(K5) (Cell Signaling), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (Santa Cruz Biotechnology), anti-FLAG (Sigma), anti-H2AX (Sigma), antiubiquitin (FK2; Nippon Bio-Test Lab), anti-UBC13 (Zymed), and anti-HA (Roche) antibodies.
Affinity purification of H2AX and TIP60 complexes. HeLa cells expressing FLAG-HA epitope-tagged H2AX (eH2AX; wild type or site-specific mutants) or TIP60 (eTIP60) were grown to 1.0 ϫ 10 6 cells/ml as suspension cultures. For the induction of DNA damage, cells were ␥-irradiated (12 Gy) after centrifugation. The nuclear extract and chromatin fraction were prepared from the cells, and the H2AX and TIP60 complexes were purified from the nuclear extracts as previously described (16, 31) . To affinity purify eH2AX (wild type and mutants) from the chromatin fraction, the nuclear pellet was resuspended in a buffer of 20 mM Tris-HCl (pH 8.0), 500 mM KCl, 5 mM MgCl 2 , 0.2 mM EDTA, 10% glycerol, 0.1% Tween 20, 10 mM 2-mercaptoethanol, and 0.25 mM phenylmethylsulfonyl fluoride and then lysed by sonication. After the removal of insoluble material by centrifugation, eH2AX and eTIP60 were affinity purified (16, 31) .
Microirradiation, FRAP, and iFRAP. GM02063 cells expressing green fluorescent protein (GFP)-tagged H2AX (GFP-H2AX; wild type or site-specific mutants), H2A (GFP-H2A), H2B (GFP-H2B), H3 (GFP-H3), or H4 (GFP-H4) were maintained on the microscope stage in an FCS live-cell chamber system (Bioptechs) at 37°C. Imaging, microirradiation, and fluorescence recovery after photobleaching (FRAP) experiments were performed using an LSM510 confocal microscope (Carl Zeiss). For microirradiation, sensitization of cells was performed by incubating the cells for 20 h in medium containing 2.5 M deoxyribosylthymine and 0.3 M bromodeoxyuridine (Sigma) and then staining with 2 g/ml Hoechst 33258 (Sigma) for 10 min before UVA microirradiation as described previously (58) . The 364-nm line of the UVA laser was used for microirradiation (three pulses at 180 W). The maximum power of the 488-nm Ar laser line was used for photobleaching in FRAP analysis. For imaging, the laser was attenuated to 0.1%. For inverse FRAP (iFRAP) experiments (14, 37) , photobleaching was performed under the same conditions as for FRAP analysis. All fluorescence regions except for small regions in irradiated and unirradiated areas were bleached, and the remaining GFP fluorescence was chased using the LSM510 confocal microscopy. For FRAP and iFRAP analysis, a prebleached image was acquired just after the induction of DSBs by UVA laser microirradiation, after which the bleaching pulse was delivered. To quantify fluorescence recovery, single optical sections were collected at 3-or 5-s intervals for the indicated periods of time. Image J was used for the quantification of fluorescent intensity in FRAP analysis. Background fluorescence intensity (BG) was measured in a random field outside of the cells. The average fluorescence intensity in the bleached region at each time point (I t ) was measured in a region corresponding to at least 30% of the bleached region. For each time point, the relative intensity was calculated as follows: I rel;t ϭ (I t Ϫ BG)/(I 0 Ϫ BG), where I 0 is the average intensity of the region of interest before bleaching. The percent recovery after 260 s in FRAP analysis (P recovery;260 s ) was calculated as follows: P recovery; 260 s ϭ 100 ϫ (I rel;260 s Ϫ I rel;6 s )/(1 Ϫ I rel;6 s ), where I rel;6 s is the relative intensity of the bleached area in the first image taken after bleaching (6 s after bleaching), and I rel;260 s is the relative intensity of the bleached area in the image taken 260 s after bleaching. Statistical comparisons were made using Student's t test. Image J was also used to generate profile plots of fluorescence intensity in the iFRAP analysis.
Immunofluorescence analysis. Cells were fixed with 4% paraformaldehyde in 1ϫ phosphate-buffered saline (PBS). Next, nuclei were permeabilized with 0.1% sodium dodecyl sulfate (SDS)-0.5% Triton X-100 in 1ϫ PBS for 5 min. An in situ cell death detection kit (Roche) was used for the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) technique as recommended by the manufacturer. For the detection of RAD51, fixed cells were incubated for 30 min at 37°C with anti-RAD51 antibody (1:2,000; kindly provided by A. Shinohara, Osaka University) in 1% bovine serum albumin-1ϫ PBS. Fluorescein isothiocyanate-conjugated goat anti-rabbit (1:1,000; Biosource) was used as the secondary antibody. Nuclei were stained with Hoechst 33342. Samples were examined with an Axioplan2 microscope and using an AxioCam MRm controlled by Axiovision (Zeiss).
MS-MS analysis. Protein sequences were determined using an ultraflex timeof-flight mass spectrometer (Bruker Daltonics) equipped with a nitrogen laser operating at 337 nm. The samples were also examined by tandem mass spectroscopy (MS-MS) methods with an AXIMA-QIT (Shimazu-Kratos) ion trap matrixassisted laser desorption mass spectroscopy (MS). The following sequences were extracted: for TIP60, NЈ-EVPASAQASGK-CЈ, NЈ-LFYVHYIDFNK-CЈ, NЈ-LL IEFSYELSKVEGK-CЈ, and NЈ-EDVISTLQYLNLINYYK-CЈ; for Ub-H2AX, NЈ-AGLQFPVGR-CЈ, NЈ-ESTLHLVLR-CЈ, NЈ-K(LRGG)TSATVGPK-CЈ, and 
RESULTS

TIP60
HAT regulates DNA damage-induced acetylation of H2AX. To identify proteins that associate with H2AX immediately after the induction of DNA damage, stably expressed FLAG-HA eH2AX was purified from nuclear extracts of HeLa cells following treatment with IR. Purification of eH2AX was performed by sequential steps of affinity chromatography on anti-FLAG antibody-conjugated agarose followed by anti-HA antibody-conjugated agarose (16, 31) , and the associated proteins were analyzed by SDS-polyacrylamide gel electrophoresis. SDS-polyacrylamide gel electrophoresis analysis of the purified H2AX complexes indicated that several proteins are associated with H2AX in a DNA damage-dependent manner (see Fig. S1A in the supplemental material). We employed MS analysis to identify the binding partner of H2AX. MS analysis indicated that TIP60 HAT was included in the purified H2AX complex following the induction of DNA damage by IR. This was confirmed by immunoblotting with an anti-TIP60 antibody (Fig. 1A) . In contrast, a similar analysis of H2A-binding proteins from irradiated cells did not show the presence of TIP60 (Fig. 1A) . These findings suggest that TIP60 interacts specifically with H2AX in the nuclear soluble fraction after IR.
Previous studies have shown that K5 of histone H2A is acetylated by TIP60 in vitro (18) . Because the K5 site is well conserved between H2AX and H2A, we examined K5 acetylation in immunoaffinity-purified H2AX by immunoblotting analysis using an anti-acetyl-H2A(K5) antibody. We found that H2AX(K5) was acetylated and that the amount of acetylated H2AX (Ac-H2AX) was substantially increased by IR (Fig. 1B) . This finding was confirmed by MS-MS analysis (data not shown).
To confirm the role of TIP60 in H2AX acetylation, we constructed human GM02063 fibroblasts (51) that stably express TIP60 siRNA. In these cells, the amount of TIP60 protein was reduced by Ͼ80% (Fig. 1C) . We then transiently transfected the cells with FLAG-H2AX, treated them with and without IR, and performed immunoprecipitation using an anti-FLAG antibody. Immunoblotting indicated that the DSB-induced acetylation of H2AX(K5) was significantly suppressed in TIP60 siRNA-expressing cells (Fig. 1D) . Similar results were obtained using another TIP60-specific siRNA, confirming that the suppression of H2AX(K5) acetylation was due to the specific depletion of TIP60 (see Fig. S2A and B in the supplemental material). Moreover, the TIP60 complex directly acetylated free H2AX and H2AX in a nucleosomal context in vitro (data not shown). These results suggest that TIP60 is required for the acetylation of H2AX(K5) in the very early stages of the DNA damage response.
We next confirmed the DSB-induced interaction between H2AX and TIP60 by reciprocal affinity purification experiments using HeLa cells expressing FLAG-HA eTIP60. The TIP60 complex purified from the nuclear soluble fraction of irradiated cells included endogenous H2AX (Fig. 1E) . Interestingly, immunoblot analysis using an anti-H2AX antibody revealed multiple higher-molecular-weight bands in addition to the band corresponding to H2AX. This finding indicated that TIP60-associated H2AX may contain modifications other than acetylation and phosphorylation following IR-induced DNA damage (Fig. 1E) .
Acetylation by TIP60 is required for the ubiquitination of H2AX following DNA damage. The approximate molecular weight differences of the slower-migrating species led us to speculate that H2AX in the nuclear soluble fraction is polyubiquitinated upon DSBs. Immunoblotting of purified eH2AX from the soluble nuclear fraction revealed that multiple bands reacted with both anti-H2AX and antiubiquitin antibodies following IR ( Fig. 2A) . MS-MS analysis confirmed that the ϳ32-kDa protein was a form of eH2AX ubiquitinated on lysine 119 [Ub-eH2AX(K119)] (see Fig. S1B in the supplemental material). The DNA damage-dependent polyubiquitination of H2AX on K119 was further confirmed by eH2AX in which K119 was replaced with Arg [eH2AX(K119R)]. As expected, the DSB-induced polyubiquitination of eH2AX was significantly suppressed in eH2AX(K119R) mutant-expressing HeLa cells by immunoblotting analysis using anti-H2AX and antiubiquitin (FK2) antibodies ( Fig. 2A) . These results suggest that DSBs induce the polyubiquitination of H2AX at K119 in the nuclear soluble fraction of HeLa cells.
Because the TIP60 complex interacted with polyubiquitinated H2AX (poly-Ub-H2AX) after IR, we next examined the involvement of TIP60 in the polyubiquitination of H2AX in the nuclear soluble fraction. The specific depletion of TIP60 significantly suppressed the IR-induced polyubiquitination of eH2AX purified from the nuclear soluble fraction ( Fig. 2A) . We then analyzed whether TIP60 regulates the polyubiquitination of H2AX via the acetylation of K5 upon DNA damage. We expressed an eH2AX in which K5 was replaced with Arg [eH2AX(K5R)] in HeLa cells and then purified it by immunoaffinity chromatography from the nuclear soluble fraction of HeLa cells following treatment with or without IR. Immunoblotting analysis using anti-H2AX and antiubiquitin (FK2) antibodies revealed little or no increase in the level of polyubiquitinated eH2AX(K5R) after IR ( Fig. 2A) , suggesting that the DSB-induced polyubiquitination of H2AX in the nuclear soluble fraction requires TIP60-dependent acetylation.
The finding that TIP60 specifically interacts with H2AX and regulates its polyubiquitination in the nuclear soluble fraction following DNA damage suggests two possibilities. One is that TIP60 interacts with H2AX released from chromatin upon DNA damage. The other is that TIP60 is targeted to damaged chromatin and regulates the release of H2AX via histone modifications. To determine which of these possibilities is correct, we analyzed whether TIP60 regulates these H2AX modifications in the chromatin fraction. First, to examine the ubiquitination status of H2AX in the chromatin fraction, we performed anti-H2AX immunoblotting of the affinity-purified eH2AX from the chromatin fraction following treatment with or without IR. We found that eH2AX in the chromatin-bound 7030 IKURA ET AL. MOL. CELL. BIOL.
fraction was monoubiquitinated under normal conditions, as reported previously ( Fig. 2B and C) (61) . The level of monoubiquitination of eH2AX was increased following IR ( Fig. 2B and C). Importantly, eH2AX was significantly polyubiquitinated following IR (Fig. 2C) . The DSB-induced poly-and monoubiquitination of eH2AX in the chromatin fraction were abolished by the K119R mutation [eH2AX(K119R)] (Fig. 2B and C). We further confirmed these findings by a coimmunoprecipitation (coIP) experiment using 293T cells expressing FLAG-tagged H2AX(K119R) and HA-tagged ubiquitin (see Fig. S3A in the supplemental material). These results indicate that eH2AX in the chromatin fraction was mono-and polyubiquitinated at K119 following IR. However, we cannot exclude the possibility that H2AX is also ubiquitinated independent of DNA damage at a residue other than K119, because a longer exposure of the anti-H2AX immunoblot of the K119R mutant suggested weak monoubiquitination after IR. We next examined the involvement of TIP60 in the DSBinduced modifications of H2AX in the chromatin fraction. The depletion of TIP60 in HeLa cells by use of TIP60 siRNA repressed the DSB-induced mono-and polyubiquitination of eH2AX (Fig. 2C) . Monoubiquitination of eH2AX and H2AX in the chromatin fraction under normal conditions was not disturbed by the depletion of TIP60 (Fig. 2C) . These findings are consistent with the notion that TIP60 regulates the DSBinduced mono-and polyubiquitination of H2AX in the chro- Immunoblotting analysis was performed with anti-TIP60 (top) and anti-FLAG (bottom) antibodies. (B) The eH2AX complex immunoaffinity purified from the nuclear soluble fraction of HeLa cells treated with IR (12 Gy) followed by a 5-min recovery. Proteins were analyzed by immunoblotting using anti-acetyl-K5 of H2A antibody (top). Unirradiated cells (Ϫ) were used as controls. eH2AX was used as a loading control (bottom). (C) Depletion of TIP60 by TIP60 siRNA. Shown are anti-TIP60 immunoblots of lysates from TIP60 siRNA (siTIP60.1)-expressing and mock control cells prepared at the indicated times after IR at 12 Gy (top). GAPDH was used as a loading control (bottom). (D) Effect of the depletion of TIP60 on the acetylation of H2AX after IR. TIP60-specific siRNA (siTIP60.1)-expressing and mock control cells transfected with a FLAG-H2AX expression vector were treated with IR at 12 Gy and allowed to recover for 5 min. Immunoprecipitation was carried out using the anti-FLAG antibody, and proteins were analyzed by immunoblotting with antibodies against H2A acetylated on K5 (top) or total H2AX (bottom). Cells were treated with sodium butyrate (final concentration, 5 mM) for the detection of acetylation. (E) Western blot analysis of the TIP60 complex by use of anti-H2AX (top) and anti-HA (bottom; loading control) antibodies. Shown are the mock control and the TIP60 complex immunoaffinity purified from nuclear extract of HeLa cells stably expressing FLAG-HA eTIP60 with IR at 12 Gy followed by a 5-min recovery. Bands that reacted with anti-H2AX antibody are indicated by an asterisk and a bar. eTIP60 was used as a loading control (bottom). WB, Western blot.
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at University Health Network on May 3, 2010 mcb.asm.org matin fraction. Because the IR-induced acetylation was abolished by the eH2AX(K5R) mutation in the chromatin fraction (Fig. 3) , we concluded that H2AX(K5) is the target of acetylation upon DSBs in the chromatin and nuclear soluble fractions. Importantly, DSB-induced mono-and polyubiquitination of eH2AX were significantly repressed by the eH2AX(K5R) mutation in the chromatin fraction as in the nuclear soluble fraction of HeLa cells (Fig. 2C) . The requirement for acetylation in the DSB-induced mono-and polyubiquitination of H2AX was confirmed by a coIP experiment using 293T cells expressing FLAG-tagged H2AX (K5R) and HA-tagged ubiquitin (see Fig. S3A in the supplemental material). Taken together, these findings suggest that TIP60 regulates the DSB-induced mono-and polyubiq- 2, 11 , and 12) and mutants eH2AX(S139A) (lanes 3, 4, 13, and 14), eH2AX(K119R) (lanes 5, 6, 15, and 16), and eH2AX(K5R) (lanes 7, 8, 17, and 18) were immunoaffinity purified from the nuclear soluble (A) and chromatin (C) fractions of cells stably expressing wild-type or mutant forms of eH2AX treated with IR (12 Gy) followed by a 5-min recovery. Wild-type eH2AX was also purified from TIP60 knockdown cells (siTIP60.1) expressing wild-type eH2AX (lanes 9, 10, 19, and 20). Proteins were analyzed by immunoblotting using anti-H2AX (left) and anti-ubiquitin (FK2) (right) antibodies. Asterisks indicate that the signals reacted with both anti-H2AX and antiubiquitin (FK2) antibodies. eH2AX was used as a loading control (bottom). (A) Unmodified eH2AX and polyubiquitinated eH2AX (poly-Ub-eH2AX) are indicated. (B) The monoubiquitination status of immunoaffinity-purified wild-type eH2AX (lanes 1, 2, 5, and 6) and the K119R mutant (lanes 3, 4, 7, and 8) from the chromatin fractions of cells treated with IR (12 Gy) followed by a 5-min recovery was analyzed by immunoblotting using anti-H2AX antibody. Unmodified eH2AX and mono-Ub-eH2AX were detected together with unmodified H2AX and mono-Ub-H2AX. (C) Poly-Ub-eH2AX and endogenous H2AX are indicated. WT, wild type; WB, Western blot.
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at University Health Network on May 3, 2010 mcb.asm.org uitination of H2AX in the chromatin fraction. If preexisting monoubiquitinated H2AX (mono-Ub-H2AX) in the chromatin fraction is the only source for DSB-induced polyubiquitination, the amount of mono-Ub-H2AX should be decreased. However, because the amount of mono-Ub-H2AX was increased upon DNA damage ( Fig. 2C ; also see To confirm the connection between acetylation and polyubiquitination, we examined the time courses of the H2AX modifications in the chromatin fraction of HeLa cells after IR. The polyubiquitination of eH2AX peaked sharply 2 to 5 min after IR and nearly paralleled its acetylation (Fig. 4A and B) . The increase in mono-Ub-H2AX also peaked at 2 to 5 min (Fig. 4B) . We also obtained comparable results in a coIP experiment using 293T cells expressing FLAG-tagged H2AX and HA-tagged ubiquitin (see Fig. S3B in the supplemental material). The similarities in the kinetics of acetylation and of the mono-and polyubiquitination of H2AX strongly suggest a preferential linkage of acetylation with de novo polyubiquitination of eH2AX in the chromatin fraction immediately after IR. Notably, the ratio of polyubiquitination to monoubiquitination of H2AX in the nuclear soluble fraction is much higher than that in the chromatin fraction. This suggests that the polyubiquitination but not the monoubiquitination of H2AX is involved in the release of H2AX from chromatin upon DNA damage. Collectively, these findings suggest that TIP60 facilitates H2AX release upon DNA damage via acetylation-dependent polyubiquitination of H2AX at the very early stage of DNA repair. FIG. 3 . H2AX is acetylated independent of phosphorylation and ubiquitination upon DNA damage. Wild-type and mutant eH2AX proteins (S139A, K119R, and K5R) were immunoaffinity purified from the chromatin fraction of HeLa cells treated with IR at 12 Gy followed by a 5-min recovery, and the acetylation status was analyzed by immunoblotting with the anti-acetyl-K5 of H2A (top). eH2AX was used as a loading control (bottom). Cells were treated with sodium butyrate (final concentration, 5 mM) for the detection of acetylation. WT, wild type; WB, Western blot. Acetylation-dependent ubiquitination of H2AX upon DNA damage is independent of phosphorylation. The above data provide evidence for the acetylation-dependent ubiquitination of H2AX upon DSBs by TIP60. However, the relationship between the DSB-induced acetylation-dependent ubiquitination and phosphorylation of H2AX remains unclear. To investigate this further, we examined the modification status of a phosphorylation mutant of H2AX [eH2AX(S139A)] after IR. Immunoblotting analysis using anti-H2AX and antiubiquitin (FK2) antibodies revealed that eH2AX(S139A) affinity purified from both the nuclear soluble and chromatin fractions were mono-and polyubiquitinated following IR ( Fig. 2A and  C) . This finding was supported by a coIP experiment using 293T cells expressing FLAG-tagged H2AX(S139A) and HAtagged ubiquitin (see Fig. S3A in the supplemental material) . Moreover, eH2AX(S139A) in the chromatin fraction was acetylated after IR (Fig. 3) . These findings suggest that phosphorylation is not required for either acetylation or ubiquitination after IR. Consistently, in contrast to what was seen for the acetylation and polyubiquitination of eH2AX, which peaked 2 to 5 min after IR, the level of phosphorylation was constant during the experiment (Fig. 4B) . Taken together, these results indicated that acetylation-dependent ubiquitination is regulated independently of the phosphorylation of H2AX upon DNA damage.
To determine the biological consequences of the acetylation, ubiquitination, and phosphorylation of H2AX following DNA damage, we established HeLa cells expressing siRNAs targeted to the noncoding region of the endogenous H2AX for the reconstitution experiments with the expression of H2AX mutants (see Fig. S4A in the supplemental material) . The expression of the GFP-H2AX wild type and GFP-H2AX mutants was not affected by the coexpression of H2AX siRNA (see Fig.  S4A in the supplemental material). We found that following IR, the survival of HeLa cells expressing H2AX(K5R), H2AX(K119R), or H2AX(S139A) mutants was reduced compared to that seen for H2AX knockdown HeLa cells expressing wild-type eH2AX or for the parental HeLa cells (P Ͻ 0.01) (see Fig. S4B in the supplemental material). These data suggest that along with H2AX phosphorylation, H2AX acetylation and ubiquitination play a significant role in cellular survival following DNA damage.
The TIP60-UBC13 complex regulates the DSB-induced ubiquitination of H2AX. In our previous study, we suggested that UBC13 can regulate the ubiquitination of H2AX after IR (64) . Indeed, we found that UBC13 is included in eH2AX complexes that were affinity purified from either nuclear soluble or chromatin fractions and that the amount of UBC13 in the H2AX complexes was substantially increased following IR (Fig. 5A) . We further analyzed the localization of GFP-tagged TIP60 or UBC13 expressed in GM02063 cells carrying DSBs along a microirradiated line. We found that both GFP-TIP60 and GFP-UBC13 accumulated at damaged sites 5 min after microirradiation (Fig. 5B) . We confirmed that the integration of UBC13 into TIP60 purified from the nuclear soluble fraction is stimulated following IR (Fig. 5C ). The ubiquitination of H2AX after the induction of DSBs was disturbed in the UBC13-depleted HeLa cells expressing UBC13 siRNA, confirming the direct dependence of the ubiquitination of H2AX on UBC13 in the DNA damage response ( Fig. 5D ; also see Fig.   S5 in the supplemental material). Collectively, these findings indicate that TIP60 interacts with UBC13 to facilitate the ubiquitination of H2AX in damaged chromatin.
H2AX is released from damaged chromatin after induction of DSBs. Following IR, the level of poly-Ub-H2AX appeared to increase more in the soluble nuclear fraction than in the chromatin-bound fraction ( Fig. 2A and C) . This indicated that a fraction of H2AX may undergo dynamic release from damaged chromatin. To examine the mobility of DSB-associated H2AX, we utilized a laser UVA microirradiation system to induce DSBs at the single-cell level (21, 51, 58) . We first confirmed that H2AX is poly-and monoubiquitinated after the induction of DSBs by UV irradiation of bromodeoxyuridinelabeled cells (data not shown). We then performed photobleaching analysis to assess histone binding properties in vivo following the induction of DSBs with the laser UVA microirradiation system (20, 24, 27) . We confirmed that the stably expressed GFP-H2AX proteins in HeLa and GM02063 cells share a range of physiological properties with the endogenous histone: GFP-H2AX was found to localize in chromatin throughout the cell cycle, similar to other histones, and the salt extraction profile was similar to that of the endogenous H2AX (data not shown) (44) . We then performed iFRAP analysis (14, 37) of GFP-H2AX in combination with microirradiation to determine whether GFP-H2AX is released from damaged chromatin. In iFRAP experiments, immediately following microirradiation, all of the fluorescence (except in small regions of irradiated areas and in unirradiated areas) was bleached, and the remaining GFP-H2AX fluorescence was chased using LSM510 confocal microscopy. As a result, the remaining GFP-H2AX fluorescence within the irradiated area became significantly weaker than that in the unirradiated area ( Fig. 6A and  B) , suggesting that GFP-H2AX can diffuse from chromatin only in the irradiated area. Thus, DNA damage provokes the release of GFP-H2AX from chromatin.
The dynamics of H2AX following DNA damage were examined by determining the fluorescence recovery of GFP-H2AX within two independent strips of a single nucleus, one in the irradiated area and the other in an unirradiated region, immediately following microirradiation (Fig. 6C) . Rapid fluorescence recovery was observed in the irradiated region (27.6% Ϯ 8.2% at 260 s), whereas the fluorescence intensity in the unirradiated region did not change much during the observed time (5.0% Ϯ 4.3% at 260 s) (P Ͻ 0.000001) ( Fig. 6D ; also see the video in the supplemental material). These findings also indicate that the fluorescence recovery in the irradiated region is due to the unbleached GFP-H2AX molecules released from damaged chromatin, because GFP-H2AX in the unirradiated area showed stable binding to chromatin (Fig. 6C and D) . As a control, we observed that GFP-H2A in the irradiated area displays a recovery of fluorescence intensity slower (13.3% Ϯ 8.4% at 260 s) than that of GFP-H2AX (P Ͻ 0.0005) (Fig. 6E) .
Chromatin has been shown to move in response to DNA damage (4, 21) . We quantified the dynamics of other core histones following DNA damage to determine whether this occurred. GFP-tagged H2B (18.3% Ϯ 9.9% at 260 s), H3 (11.4% Ϯ 6.9% at 260 s), and H4 (10.0% Ϯ 4.3% at 260 s) displayed slower recoveries of fluorescence than GFP-H2AX following the induction of DNA damage (P Ͻ 0.005) (see Fig.  S6 in the supplemental material) . We noted that irradiation 7034 IKURA ET AL. MOL. CELL. BIOL.
at University Health Network on May 3, 2010 mcb.asm.org only subtly affected the recovery rate of the fluorescence intensity of H2B-GFP, which is the dimerization partner for all H2A variants, including H2AX. Because H2AX accounts for only 5 to 10% of the total H2A in chromatin, the DSB-induced release of H2AX may have a limited impact on the global dynamics of total H2B. Fluorescence recovery rates reflect the amount of fluorescence molecules coming into the photobleached area. Therefore, the high fluorescence recovery rate of GFP-H2AX compared to those of other GFP-tagged core histones strongly suggests the release of GFP-H2AX molecules FIG. 5. UBC13, a ubiquitin-conjugating enzyme, interacts with TIP60 in damaged chromatin. (A) Affinity purification of eH2AX from the nuclear soluble (left) and chromatin (right) fractions of HeLa cells treated with IR at 12 Gy followed by a 5-min recovery. As a control, a mock purification was performed using nontransfected HeLa cells. UBC13 was detected by immunoblotting using anti-UBC13 antibody (top). eH2AX was used as a loading control (bottom). (B) Accumulation of GFP-TIP60 (left) or GFP-UBC13 (right) in GM02063 cells at sites containing DSBs after a 5-min recovery from laser UVA microirradiation. TUNEL staining was performed to detect DSBs induced by microirradiation. GFP-TIP60/UBC13 and TUNEL signals are shown in green and red, respectively, in merged images. Scale bars, 10 m. (C) DSBs facilitate the interaction of UBC13 with the TIP60 complex. Immunoblot analysis of the mock control and the TIP60 complex affinity purified from the nuclear soluble fraction of cells treated with IR (12 Gy) followed by a 5-min recovery using anti-UBC13 antibody (top). eTIP60 was used as a loading control (bottom). (D) Wild-type eH2AX was affinity purified from the chromatin fraction of UBC13-specific siRNA (siUBC13.1)-expressing cells or the mock control cells treated with IR (12 Gy) followed by a 5-min recovery. Proteins were analyzed by immunoblotting using anti-H2AX (left) and antiubiquitin (FK2) (right) antibodies. WB, Western blot.
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at University Health Network on May 3, 2010 mcb.asm.org from damaged chromatin into the microirradiated and photobleached area. Although we cannot exclude the possibility that a gross chromatin movement also contributed to the H2AX dynamics, such a gross movement alone is not sufficient to explain the observed H2AX dynamics. In support of this conclusion, the amount of ␥-H2A(X) is lower near the DSBs than at distal sites in yeast (43) . In fact, H2A(X) release upon DNA damage was also recently observed in yeast (S. Gasser, personal communication). H2AX release in the early response to DSBs is regulated by acetylation-dependent ubiquitination. Following the establishment that H2AX is released from damaged chromatin upon DSBs, we next investigated the involvement of H2AX modifications in the DSB-induced release. Using FRAP, we examined the dynamics of GFP-tagged H2AX(K5R), H2AX(K119R), and H2AX(S139A) in GM02063 cells upon DSBs caused by microirradiation. Compared to wild-type H2AX (27.6% Ϯ 8.2% at 260 s; Fig. 6D ), both GFP-H2AX (K5R) (11.5% Ϯ 4.4% at 260 s; Fig. 6F ) and GFP-H2AX(K119R) (17.5% Ϯ 6.3% at 260 s; Fig. 6G ) showed reduced mobility following DNA damage (P Ͻ 0.005). The fluorescence recovery of H2AX (S139A) (32.8% Ϯ 8.5% at 260 s) appeared comparable to that of wild-type H2AX (Fig. 6H) . We also confirmed the reduced mobility of GFP-H2AX(K5R) and GFP-H2AX(K119R) after microirradiation in GM02063 cells by iFRAP analysis (data not shown). These results suggest a significant role of K5 acetylation and K119 ubiquitination in DSB-induced H2AX release. Conversely, the phosphorylation of H2AX(S139) does not appear to play a role in the release of H2AX following DNA damage.
TIP60 and UBC13 regulate H2AX release following DNA damage. To examine the role of TIP60 and UBC13, we per- . UBC13 knockdown GM02063 cells also showed a significant reduction in GFP-H2AX mobility following microirradiation in iFRAP and FRAP experiments (20.1% Ϯ 13.8% at 260 s; P Ͻ 0.05; Fig. 7C , D, and G). Taken together, these results are consistent with the conclusion that TIP60 and UBC13 control the damage-induced release of H2AX via the acetylation-ubiquitination pathway in the earlier stage of DNA repair. The regulation of chromatin reorganization immediately after DNA damage by TIP60 in conjunction with UBC13 via the release of H2AX suggests the involvement of TIP60 in the subsequent DNA repair process. In support of this conclusion, UBC13 is reported to be required for the recruitment/activation of the ubiquitin ligase function of BRCA1 and the subsequent formation of RAD51 nucleoprotein filaments at DSBs (64) . To investigate the role of TIP60 in the DNA repair process, we examined RAD51 focus formation after IR in GM02063 cells expressing the TIP60 HAT mutant. RAD51 focus formation after IR was significantly disturbed in TIP60 HAT mutant-expressing cells (see Fig. S7 in the supplemental material). Although we cannot exclude the possibility that TIP60 regulates RAD51 focus formation independently of H2AX release in the early step of homologous recombination repair, it is possible that the TIP60-UBC13 complex is involved in the DNA repair process, especially homologous recombination repair, via H2AX release.
DISCUSSION
In this study, we found that TIP60 HAT interacts with H2AX upon DNA damage and that H2AX is not only acetylated but also ubiquitinated just after the induction of DSBs in human cells. DSB-induced acetylation regulated by TIP60 is required for the ubiquitination of H2AX. We identified the ubiquitin-conjugating enzyme UBC13 as a novel binding partner for TIP60 in the ubiquitination of H2AX following DSB formation. Interestingly, experiments using FRAP/iFRAP in conjunction with microirradiation indicated that the release of H2AX from damaged chromatin depends on the acetylationubiquitination pathway. Specifically, our findings indicate that the TIP60-UBC13 complex regulates the release via acetylation-dependent ubiquitination in the early stage of the DNA damage response. We showed here that immediately after microirradiation, DSBs facilitate the interaction of TIP60 with UBC13 ( Fig. 5B  and C) . Because TIP60-induced acetylation of H2AX is required for the polyubiquitination of H2AX upon DNA damage, the acetylation of H2AX may be involved in the recruitment of UBC13 to the damage site, or it may modulate the activity of UBC13 to facilitate the polyubiquitination of H2AX, leading to the release of H2AX. In our preliminary experiments, depletion of TIP60 by use of siRNA did not suppress the interaction of UBC13 with H2AX upon DNA damage (data not shown), suggesting that the acetylation of H2AX by TIP60 is not essential for the recruitment of UBC13 into the damage site. Therefore, the enzymatic activity of UBC13 may be induced by TIP60 through an unknown mechanism mediating H2AX polyubiquitination after the induction of DSBs.
At present, it is not clear how the polyubiquitination of H2AX regulates the release of H2AX. Because polyubiquitination by UBC13 often regulates protein function or proteinprotein interactions (33) , damage-induced polyubiquitination of H2AX by TIP60-UBC13 could be a signal for the recruitment of histone chaperone or chromatin-remodeling factors. The other possibility is that the structural change of H2AX by polyubiquitination might lead to the decreased affinity of H2AX for nucleosomes. Further studies are required to determine which of these possibilities is correct.
The DmTIP60-p400/Domino complex regulates the exchange of phospho-H2A.v with an unmodified H2A.v in vitro (22) . Because p400 is included in the purified TIP60 complex and is required for UV-induced apoptosis in human cells (54) , p400 may be involved in the release of H2AX in cooperation with the TIP60-UBC13 complex, leading to cell cycle progression or apoptosis. A previous study also showed that the TIP60-TRRAP complex is involved in homologous recombinational repair by acetylating histone H4 after the induction of DSBs (39) . Although it remains unclear whether the TIP60-TRRAP complex participates in the release of H2AX, histone H4 acetylation by the TIP60-TRRAP complex may be needed to facilitate the polyubiquitination of H2AX by UBC13 during homologous recombinational repair. Therefore, to address the significance of the TIP60-UBC13 complex in H2AX release, it will be important to identify factors involved in this process within the TIP60 complex following the induction of DSBs.
A number of potential functions of H2AX in DNA damage response or DNA repair have been suggested. ␥-H2AX has been proposed to function as a docking site for repair protein complexes to bind to broken DNA ends (5, 46) . ␥-H2AX may also keep the broken DNA ends tethered together with assembled repair factors to prevent aberrant repair of DSBs such as chromosomal translocations, because the loss of one H2AX allele results in a haploinsufficiency that compromises genomic integrity and enhances genomic instability in the absence of p53 (5, 7) . However, it is unclear whether the phosphorylation of H2AX is involved in the alteration of the chromatin structure to facilitate the access of repair proteins to the damaged chromatin. The release of H2AX via the acetylation-ubiquitination pathway immediately after the induction of DSBs may be involved in the opening of damaged chromatin for the access of repair proteins around DSBs. Thus, H2AX could play two distinct roles in the early steps of the DNA damage response: (i) phosphorylation by ATM or DNA protein kinase catalytic subunit to form ␥-H2AX foci for the accumulation of repair factors and (ii) acetylation-dependent ubiquitination by TIP60-UBC13 to facilitate the release of H2AX for the alteration of chromatin structure at the damage site. Recently, RAP80 has been shown to bind ubiquitin polymers at DSBs for the recruitment of BRCA1 (17, 45, 59) . Therefore, ubiquitinated H2AX could also provide a docking site for repair proteins such as ␥-H2AX.
In addition to the direct role of TIP60 in chromatin reorganization, TIP60 plays other roles in cell cycle control and apoptosis by acetylating MYC or ATM (41, 47, 54) . Recently, TIP60 was shown to acetylate p53 directly in the DNA damage response and to regulate the transcriptional regulation of the target genes of p53 (48, 50) . Because DSBs facilitate the interaction of TIP60 with UBC13, p53 may also be polyubiquitinated by UBC13 during transcriptional regulation. It is also possible that some other signaling molecules could be acetylated and polyubiquitinated by TIP60-UBC13 upon the formation of DSBs. If so, acetylation-dependent polyubiquitination by TIP60-UBC13 in the DNA damage response may be required not only for the release of H2AX but also for transcriptional regulation in cell proliferation, cell cycle control, or apoptosis.
